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METHOD AND SYSTEM TO ADAPTIVELY
CANCEL SINUSOIDAL INTERFERENCE
FROM A SIGNAL PROCESSING SYSTEM

FIELD OF THE INVENTION

The present mvention relates to signal processing, and
more specifically to methods of reducing interference 1n a
signal.

BACKGROUND

The ability to provide long-distance wireless communica-
tion in dangerous and/or obstructed environments, for
example 1 underground mines, 1s essential for both efficient
operation and safety. In some applications, such as coal min-
ing, communications systems are required by regulations for
post-accident communications. In these mining operations,
transmitting communication signals through earth, water and
rock, for example, 1n addition to the large amounts of steel and
concrete used 1n associated structures, severely impact the
elfective range of a communications signal. This 1s especially
true with systems transmitting radio Ifrequency signals
through, for example, conventional electric dipole antennas.

Magnetic communications systems (MCSs) that provide
low-Trequency magnetic signals offer an increased ability to
transmit through these materials. For example, a MCS may be
used to provide emergency communication between a site
deep within an underground mine and a second distant site,
either on the surface or also within the mine. These systems
typically operate with relatively weak signals and severe
interference as a result of above-described interferences, both
natural and manmade. This interference limits the ability of
the MCS recerver to detect and demodulate the underlying
signal, limiting the system’s eflective range as a result.

Improved methods to eliminate or reduce these interferences
are therefore desired.

SUMMARY

An embodiment of the present mmvention comprises a
method of canceling sinusoidal interference from a received
signal. The method includes identifying a data block contain-
ing data samples that are known to be signal-free but which
contain sinusoidal interterence. Through a traiming process, a
model of the average interference 1n the selected data block 1s
constructed. The constructed model 1s scaled to subsequent
data blocks and used to cancel sinusoidal interference from
the received signal with minimal perturbation to the underly-
ing desired data signal.

Another embodiment of the present invention includes a
signal processing system. The system receives a signal, such
as a magnetic communications signal, containing data as well
as sinusoidal interference. The received signal 1s digitally
sampled and the samples are processed by a digital signal
processor. The digital signal processor includes an interfer-
ence cancellation module configured to construct a model of
the average interference, scale the model to a data block being,
processed and subtract the scaled model from the digital
samples to remove the interference with minimal effect to the
underlying data signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are graphs of an exemplary data signal
contaiming both data and sinusoidal interference overlaid
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2

with a signal resulting from an applied interference cancella-
tion process according to embodiments of the present mnven-

tion.

FIG. 2 1s a process flow diagram of an embodiment of the
present mvention used to perform the interference cancela-
tion illustrated i FIGS. 1A and 1B.

FIG. 3 1s a process flow diagram of an exemplary training,
process according to an embodiment of the present invention.

FIG. 4 15 a process tlow diagram of an exemplary 1iterative
cancellation process according to an embodiment of the
present invention.

FIG. 5 1s a process tlow diagram of an exemplary single
sinuso1d cancellation process according to an embodiment of
the present invention.

FIG. 6 1s a process flow diagram of an exemplary joint
cancellation process according to an embodiment of the
present 1nvention.

FIG. 7 1s a process flow diagram of a frequency peak
finding process useful for performing the training and can-
cellation processes of the present invention.

FIG. 8 1s a process flow diagram of a traiming and cancel-
lation process according to an embodiment of the present
ivention.

FIGS. 9 and 10 are a graphs depicting sinusoidal interfer-
ence 1n a signal’s passband betfore and after the application of
a process according to embodiments of the present invention.

FIG. 11 1s a process flow diagram of a training and cancel-
lation process according to an embodiment of the present
invention.

FIG. 12 1s a block diagram of a digital signal processing
system uselul for performing the interference cancellation
according to an exemplary embodiment.

DETAILED DESCRIPTION

It1s to be understood that the figures and descriptions of the
present invention have been simplified to 1llustrate elements
that are relevant for a clear understanding of the present
invention, while eliminating, for purposes of clarity, many
other elements found in typical signal processing systems,
such as underground communication systems. However,
because such elements are well known 1n the art, and because
they do not facilitate a better understanding of the present
invention, a discussion of such elements 1s not provided
herein. The disclosure herein 1s directed to all such variations
and modifications known to those skilled 1n the art.

In the following detailed description, reference 1s made to
the accompanying drawings that show, by way of 1llustration,
specific embodiments 1n which the mvention may be prac-
ticed. It 1s to be understood that the various embodiments of
the invention, although different, are not necessarily mutually
exclusive. Furthermore, a particular feature, structure, or
characteristic described hereimn in connection with one
embodiment may be implemented within other embodiments
without departing from the scope of the mvention. In addi-
tion, 1t 1s to be understood that the location or arrangement of
individual elements within each disclosed embodiment may
be modified without departing from the scope of the inven-
tion. The following detailed description is, therefore, not to be
taken 1n a limiting sense, and the scope of the present inven-
tion 1s defined only by the appended claims, approprately
interpreted, along with the full range of equivalents to which
the claims are entitled. In the drawings, like numerals refer to
the same or similar functionality throughout several views.

The study of transmitted signals, for example, magnetic
communication signals, has shown that 1n some environ-
ments, a significant component of the interference contained
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therein 1s periodic 1n nature. These oscillating components
may be caused by magnetic field emissions from rotating
clectrical machinery, digital electronic equipment, power
lines and other unidentified sources. For example, within the
narrow MCS passband, this periodic interference may appear
as a truncated sequence of harmonics operating at one or more
fundamental frequencies. Accordingly, the interference may
be modeled as a superposition of multiple discrete, ampli-
tude-diverse and phase-diverse sinusoids onto the underlying,
communications signal. Further, additional sinusoidal inter-
terences have been observed with no harmonic relationship to
one another.

Embodiments described herein may be operative to 1den-
tify these sinusoids and their operating frequencies, and adap-
tively cancel them with minimal harm to the relatively weak
data (e.g. communications) signal sharing the band. The
embodiments may also adaptively subtract sinusoids of
known frequencies, such as harmonics of 60 Hz caused by
power systems, that are typically present 1in the magnetic
signal domain. The embodiments include a training process
operative to adaptively learn the frequencies, amplitudes and
phases of the interfering sinusoids. Using this data, a model of
the net interference signal 1s created. This model may be
subtracted from the received data stream to remove interfer-
ence while minimizing damage to the underlying signal.

Referring generally to FIGS. 1A and 1B, exemplary graphs
ol a sampled data signal 1n the time (FIG. 1A) and frequency
(FIG. 1B) domain are provided. The signal 10 1s comprised of
a data signal portion 12 and an interference portion 14 (see the
signal of sample period 11). Interference 14 includes the
above-described sinusoidal interference common to, for
example, magnetic communications signals. Embodiments
of the present invention may be utilized to reduce or eliminate
this interference portion 14.

With reference to FIG. 2, methods to cancel this sinusoidal
interference from a signal include the use of a multi-step
process. The first step 100 includes a training operation used
to compile a list of frequencies at which the sinusoidal inter-
ference has been identified. From this information, a model of
the interference 1s generated. At step 102, a number N of data
samples comprising both interference and signal data may be
taken from the recerved signal. Finally, 1n step 104 each
identified sinusoidal frequency 1s canceled by subtracting the
model from the sampled data. This cancellation process may
be repeated for subsequent data samples. In one embodiment
of the present invention, the cancellation process 1s performed
on all recerved data, while the training process 1s performed
less frequently.

Referring generally to FIG. 3, a more detailed view of the
training process of FIG. 2 1s shown. In step 200, a block of
training data comprising, for example, M interference-only
data samples, 1s acquired. The spectrum of this data i1s ana-
lyzed to find the frequency of the sinusoid with the maximum
amplitude 1n step 204. This sinusoid 1s then canceled from the
data 1n step 206. Referring generally to step 208, once can-
celed, the net power of the data block 1s then determined and
compared to a threshold value. If the net power of the selected
data block (which 1s known not to contain a desired signal) 1s
above a predetermined threshold, the high net power level
indicates that there are still components of the data block
which are interference, causing net power increase 1n the data
block. These remaining interference signals are iteratively
removed by identifying the next largest amplitude. Thus, peak
frequency identification (step 204) and cancellation (step
206) are repeated until the power of the data decreases by an
amount less than the predetermined threshold. Each iteration
of spectrum analysis 1s free from contamination from fre-
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quency sidelobes of the stronger sinusoids that have previ-
ously been 1dentified and removed from the data. Finally, 1n
step 210, a list of frequencies of the strongest sources of the
interference 1s assembled. In one embodiment, this list may
be supplemented with additional frequencies notidentified by
the above-described process (e.g. harmonics of 60 Hz) to
remove interference from known sources, such as power gen-
erators.

Referring again to FIG. 2, the cancellation process can be
embodied 1n several ways. By way of non-limiting example
only, and with reference to FIG. 4, the cancellation process
may be iterative, wherein individual sinusoid frequencies
identified during the above-described training process are
removed from the data one at a time. More specifically, at step
300, the frequency list generated above may be accessed, the
first frequency 1dentified, and single sinusoids of the 1denti-
fied frequency cancelled from the data (step 302). At step 304,
if the l1st contains additional frequencies, the process returns
to step 300, and repeats until sinusoids of each frequency on
the list are cancelled.

A more detailed process diagram of an embodiment of the
cancellation process 1s shown 1n FIG. 5. Referring generally
to step 350, this process includes calculating optimal complex
scalar weights from the 1dentified sinusoids. In one embodi-
ment, a complex sinusoid of a specified frequency is pro-
jected onto a block of data samples to produce a complex
scalar weight. This weight 1s indicative of the amplitude and
the phase that produces the best fit, for example, 1n a least-
squares analysis, between the complex sinusoid and the block
of data samples. In step 352, the complex sinusoid 1s multi-
plied by the calculated weight, and the result subtracted from
the block of data samples 1n step 354. As set forth above, this
process may be repeated for all identified frequencies of
sinusoidal interference.

Referring generally to FI1G. 6, the cancellation process also
may be implemented as a joint process, with a weighted sum
of complex sinusoids used to cancel interference from the
data, 1n place of individual frequencies canceled one at a time
as described above with respectto FIG. 4. Referring generally
to step 400, this process includes calculating optimal complex
scalar weights from the 1dentified sinusoids. More specifi-
cally, given that M signmificant sinusoids have been identified
in the above-described training process, an MxN matrix of
complex unit-amplitude sinusoid signals with the mth col-
umn (m=1, 2 ... M)represents N samples of a sinusoid at one
of the M frequencies 1s generated. The cancellation process
scales each of the matrix columns with a unique complex
weight where the M weights are jointly computed such that
the weighted sum of the columns best {its the first N signal
plus itertference samples 1n the least means square sense. In
some cases where the interference consists of a small number
of sinusoids at well-separated frequencies, the individual col-
umns ol the sinusoid sample matrix can be adaptively
weighted and subtracted from the data to simplify processing.
Although the joint computation of the M adaptive weights
requires more computations than this simplified process, 1t
may be preferable 1n some 1nstances as 1t may provide better
cancellation 1n dense interference environments. Computing
these weights may be achieved by, for example, projecting the
sinusold sample matrix onto the N samples, and estimating M
complex weights such that a best match 1s achieved. These
weights are then applied to the columns of the sinusoid
sample matrix, generating a weighted sum (step 402).

With reference to step 404, this weighted sum representa-
tion of N sinusoid samples i1s then subtracted, sample by
sample, from the first N signal plus interference samples,
reducing and/or cancelling the sinusoidal interference from
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the first N samples. The cancellation process 1s then repeated
for the N samples indexed from N+1 through 2N, the N
samples indexed from 2N +1 through 3N, and so on, with each
cancellation operation using the original MxN sinusoid
sample matrix. In one embodiment, the adaptive weights are
recomputed from data block to data block based on samples
from each block.

FIG. 7 1s a process diagram illustrating a frequency peak
finding process useful, for example, 1n performing step 204 of
the training process of F1G. 3. Referring generally to step 450,
a window function 1s applied to each block of data samples.
The function may comprise a simple rectangular or triangular
window, or may comprise more sophisticated functions, by
way of non-limiting example only, a raised cosine. The win-
dow function may be applied to reduce unwanted etfects,
such as frequency sidelobes caused by discontinuities at the
boundaries of the sample blocks. In one embodiment, a zero-
padding operation may be applied to the data block in order to
facilitate 1improved frequency peak identification after the
application of a Fourier Transform performed to convert the
data from the time domain to the frequency domain (step
452). As will be understood by one of ordinary skill 1n the art,
zero-padding includes appending an array of zeros to the
beginning or end of an input signal before applying the trans-
form. In this way, the efliciency of the Fourier Transform
algorithm may be improved by increasing the number of
frequency-domain signal samples. Once 1n the frequency
domain, the peak frequency may be identified in step 454. The
peak frequency may be determined with greater accuracy by
implementing interpolation methods (e.g. zero-padding, qua-
dratic fit or other algorithms) in step 456.

FIG. 8 1s a process flow diagram of an exemplary cancel-
lation process implementing several of the signal processing
techniques described above with respect to FIGS. 2-7. In step
420 of the exemplary embodiment, data known to comprise
interference-only 1s selected from the recerved signal. In step
422, a block of N I/Q samples which 1s known to be signal-
free, 1s 1solated for subsequent analysis. The samples may be
processed according to any number of operations. For
example, an amplitude taper filter may be applied to the
samples to reduce the effects of the data block’s edges. The
samples may be converted from the time-domain to the fre-
quency-domain using, for example, a Fast Fourier Transiorm
(FFT). The FFT may provide a zero-padding function as set
forth above with respect to FIG. 7.

Referring generally to step 424, each of the frequency-
domain samples may be compared to identify the sample
having the maximum amplitude. This sample will be ana-
lyzed to determine 1ts frequency. In one embodiment two
neighboring complex samples are jointly analyzed with the
maximum amplitude sample to better estimate the frequency
of the sinusoid that resulted 1n the observed peak. The fre-
quency may be determined by any suitable methods. As set
torth above, these methods include zero-padding the original
time-domain data to increase the FFT size such that extra
frequency-domain samples are interleaved between the
samples corresponding to no zero-padding. The algorithm
may then select the sample corresponding to a spectral peak.
In another embodiment, a quadratic fit algorithm may be used
to provide improved frequency accuracy beyond the FFT
resolution. It 1s noted that the quadratic fit algorithm 1s mostly
computed ofl-line. More specifically, the algorithm may
determine two weights oftline and form 1ts frequency esti-
mate as the weighted sum of the amplitudes corresponding to
the identified frequency peaks and 1ts two adjacent neighbors.
It should be understood that this process 1s generally linear,
and the term “quadratic” refers to the fact that the process 1s
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equivalent to fitting a parabola to the peak and two neighbors
and then finding the frequency corresponding to the parabo-
la’s peak. Other methods, such as maximum likelthood esti-
mation, may be used without departing from the scope of the
present invention.

At step 426, once the frequency has been estimated for the
largest amplitude frequency-domain sample, a vector con-
taining N time-domain samples of a complex umt-amplitude
sinusoid 1s created at the identified frequency. At step 428,
this unit-amplitude vector may be scaled to fit each of the
original N time-domain samples. Specifically, the vector may
be projected onto the original sample (1.e. compared thereto),
and a complex scale factor generated that best fits the ampli-
tude and phase of the vector to the sample. This scale factor
may be created by, for example, a least-mean-square algo-
rithm.

At step 430, the calculated scale factor 1s applied to the
unmit-amplitude vector, and subsequently subtracted from the
original N samples. At step 432, in order to determine the
power ol any remaining interference, the net power of the
resulting signal 1s estimated. If this power 1s at least D dB (D
being a predetermined threshold) less than an originally mea-
sured power, then the sinusoid 1s considered to be a significant
component of interference and 1ts estimated frequency 1is
stored for future processing.

This process may be repeated with each iteration operating
on the N time-domain signal samples from which the signifi-
cant sinusoids from all previous iterations have been sub-
tracted. Thus, as each step searches for an interfering sinu-
so1d, 1t does so free of contaminations from the frequency
sidelobes of the highest amplitude sinusoids which have pre-
viously been 1dentified and removed from the data. The pro-
cess terminates when subtraction of the last iteration’s sinu-
so1d reduces net power by less than D dB (1.e. all remaining
detect interferences fall below a predetermined power level).

The primary output of the process at step 432 1s a list of the
frequencies of all in-band sinusoids that contribute significant
power to the net signal. It should be understood that the
frequency list may include additional frequencies 11 desired,
¢.g., harmonics of 60 Hz known to appear in many transmitted
signals.

At step 434, given that M significant sinusoids have been
identified 1n the above-described process an MxN matrix of
complex unit-amplitude sinusoid signals with the mth col-
umn (m=1, 2 ... M)represents N samples of a sinusoid at one
of the M frequencies 1s generated. Referring generally to
steps 436 and 438, the process according to embodiments of
the present invention adaptively cancels these sinusoids from
the data stream that contains both signal and interference. A
cancellation process using the MxN matrix will now be
described for each subsequent N-sample data block, 1.e.,
samples N+1 to 2N, 2N+1 to 3N, etc. The cancellation pro-
cess scales each of the matrix columns with a unique complex
weight where the M weights are jointly computed such that
the weighted sum of the columns best fits the first N signal
plus mterference samples 1n the least means square sense. In
one embodiment, for example, where the mterference con-
sists of a small number of sinusoids at well-separated ire-
quencies, the individual columns of the sinusoid sample
matrix can be adaptively weighted and subtracted from the
data to simplity processing. As set forth above, in other
embodiments a joint computation of the M adaptive weights
may be preferable as 1t may provide better cancellation in
dense interference environments. Referring to step 436, the
fitting operation may be achieved by, for example, projecting
the sinusoid sample matrix onto the N samples, and estimate
M complex weights such that a best match 1s achueved. These
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weights are then applied to the columns of the sinusoid
sample matrix. The weighted columns may be summed
sample by sample.

With reference to step 438, this optimal vector representa-
tion of N sinusoid samples 1s then subtracted, sample by
sample, from the first N signal plus interference samples,
reducing and/or cancelling the sinusoidal interference from
the first N samples. The cancellation process 1s then repeated
for the N samples indexed from N+1 through 2N, the N
samples indexed from 2N+1 through 3N, and so on, with each
cancellation operation using the original MxN sinusoid
sample matrix. In one embodiment, the adaptive weights are
recomputed from data block to data block based on samples
from each block.

Referring generally to FIGS. 9 and 10, the results of the
process according to embodiments of the present invention
are shown with respectto the 3 kHz passband of an exemplary
MCS. FIG. 9 provides a graph showing a signal spectrum’s
interference levels within a 3 kHz MCS signal passband
betore (30) and after (32) the cancellation of interfering sinu-
soids. Upon application of the above-described embodi-
ments, a resultant signal 30 comprises significantly reduced
interference levels compared to the original signal 32. Simi-
larly, FIG. 10 shows the results of the process of the present
ivention as applied to a single sinusoidal interference 42.
The embodiments of the present invention are operative to
cancel the interference 42 resulting 1n signal 44. Active can-
cellation of the mterfering sinusoids allows the system to
elfectively respond to interference environment that varies
from site to site, from one antenna to 1ts collocated compan-
10n antennas at a common site, and from one antenna orien-
tation to another 1n a given location. The adaptability of the
system also enables cancellation of a net interference signal
whose characteristic parameters vary with time. These
include the number of sinusoids, their frequencies, ampli-
tudes and phase offsets from one another.

Referring now to FIG. 11, a process tlow 500 of a training
and cancellation procedure according to another embodiment
1s shown. With reference to step 501, a signal 1s received for
processing. The signal carries information which 1s extracted
from the signal and used for downstream processing. As the
signal travels through one or more media from 1its origin to the
receiving location, natural and manmade 1nterference exists
which overlays the signal and 1s recerved at the recerver along
with the desired signal information. As set forth above with
respect to FIG. 7, a series of samples are taken from the
selected data block to determine sinusoidal sources of inter-
ference. An amplitude taper may be applied to the selected
samples to reduce edge effects near the edges of the selected
data block. A Fourier Transform is applied to convert the
samples to the frequency domain. Once 1n the frequency
domain, a sample having the greatest amplitude 1s 1dentified.
The frequency associated with the greatest 1s then 1dentified
in step 503. The mterference signal detected at the identified
frequency 1s scaled to the overall signals received in the
selected data block in step 505. This scaled signal for the
identified frequency is then subtracted from the overall signal
received 1n the selected data block to remove the 1dentified
source of interference 1n step 507.

Referring generally to step 509, the net power of the data
block 1s then determined and compared to a threshold. If the
net power of the selected data block (which 1s known not to
contain a desired signal) 1s above a predetermined threshold
511, the high net power level indicates that there are still
components of the data block which are interference, causing
net power increase 1n the data block. Remaining interference
signals are iteratively removed by 1dentitying the next largest
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amplitude (as the prior largest amplitude was subtracted from
the data in step 507), scaling the resultant identified frequency
(step 505), and subtracting that scaled component from the
data block (step 507). If atter subtracting a scaled indentified
frequency component, the net power of the data block 1is
below the threshold 513, 1t may be presumed that all of the
significant interference components have been removed from
the data block and the interference model 1s complete.

As set forth above, once all significant interference com-
ponents have been identified, an MxIN matrix may be con-
structed, where M 1s the number of frequency components
identified and N 1s the number of scaled samples for each
frequency component. The matrix may then applied to sub-
sequent data blocks, including the data block containing the
desired signal (step 515). The interference model constructed
and stored 1n the matrix 1s used to cancel interference from the
received signal without harming desired signal which may be
a low power or low frequency signal. The process 500 may be
repeated on a periodic basis to adaptively identily the current
interference components aifecting the recerved signal and
adaptively remove the interference components without
harming the desired signal.

The training and cancellation process according to any of
the above-described embodiments may be applied indepen-
dently to each of a system’s recerve antennas, as each may
experience unique sinusoidal interference patterns. Further,
while the above processes include computing the sinusoid
sample matrix a single time for application to a received
signal, 1t 1s envisioned that the matrix can be periodically
recomputed and the cancellation process applied as
described.

Referring now to FIG. 12, a signal processing system 600
utilizing an adaptive interference cancellation process
according to an exemplary embodiment 1s shown. An analog
input signal 603 1s transmitted through one or more media
from an originating source to one or more receivers. For
example, the analog input signal 603 may be a communica-
tion signal, such as a signal used 1n a magnetic communica-
tions system, or analog input signal may be some other radio
wave signal, such as a radio detection and ranging (RADAR)
signal or a biomedical imaging signal. Input signal 603 may
travel through one or more media from 1ts point of origin to a
receiver 601 recerving mput signal 603. For example, input
signal 603 may be a magnetic communication signal used for
communications within an underground application such as a
mine. The signal may pass through media such as rock, water,
concrete, wood or air between 1ts transmission source and
receiver 601. As mput signal 603 passes through the media,
the signal strength may be atfiected through signal attenuation
or diffusion which decreases the signal strength at recerver
601. Other factors, both natural and manmade may contribute
interference which fturther reduces the strength of input signal
603 at recerver 601. A substantial portion of these factors
result 1 periodic or sinusoidal interference signals having
varying amplitudes and phases which combine and overlay
the desired transmitted signal. Interference may originate
from sources, by way of example, such as rotating electrical
equipment, electronic devices, or power lines.

Receiver 601 includes an analog to digital converter (ADC)
605 which recerves and samples input analog signal 603 at
various time intervals to provide a number of digitized
samples representative of the signal level of input signal 603
at the times the samples are taken. The digital samples are
then 1nput to a digital signal processor 607. Digital signal
processor 607 may have a processor 611 operatively coupled
to a memory 613 through an approprniate data bus. Stored
within memory 613 1s an Interference Cancellation Module
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615, which according to an exemplary embodiment, provides
adaptive cancellation of the sinusoidal interference, overlay-
ing the desired signal contained in input signal 603. The
digitally processed signal imcludes the desired signal from
analog nput signal 603 less the 1dentified interference com-
ponents that were received 1n mput signal 603 but removed.
This processed digital signal may be passed on for additional
downstream processing or analysis, or may be provided to a
digital to analog converter (DAC) 617 for downstream pro-
cessing 1n analog form. By way of example. downstream
processing may be a communications recerver for reproduc-
ing a recerved communications signal or downstream pro-
cessing may be a beam former used in a RADAR application
for directing a recerver beam according to a received signal.

Interference Cancellation Module 615 provides adaptive
interference cancellation based on the present conditions
under which input signal 603 1s transmuitted and received. For
example, a conventional interference cancellation device may
utilize a notch filter for completely filtering out a block of
frequencies which may be identified as containing interfer-
ence. Such an approach introduces signal loss due to compo-
nents of the desired signal which may have been present in the
notch-filtered bandwidth. By building a model of 1dentified
interference components from a selected non-signal data
block, interference signals that are identified and scaled to the
overall signal may be used to provide a model for subsequent
data blocks including the data block(s) containing the desired
signal. The scaled interference components may be sub-
tracted from the recerved signal, removing the interference
without affecting the desired signal. Additionally, as condi-
tions change between various recervers, or changing trans-
mission conditions, the model may be periodically re-con-
structed to provide adaptive interference cancellation over
time.

As set forth above with respect to FIGS. 1A-11, Interfer-
ence Cancellation Module 615 operates by selecting a data
block containing samples that do not contained a desired
signal. The selected data block samples are converted from
the time domain to the frequency domain through the appli-
cation of, for example, a Fourier Transform. Once i the
frequency domain, the frequency component having the larg-
est amplitude 1s 1dentified to a precision greater than the
Fourier Transform using, for example, a quadratic fit to the
amplitude of the greatest amplitude peak and its two adjacent
neighbors. A umit-amplitude vector 1s constructed containing,
complex sinusoid signal samples at the 1dentified frequency.
The constructed vector 1s projected onto the original data set
and a complex scale factor 1s determined that provides the
best {it based on a least-mean-square algorithm. The scale
factor 1s applied to the vector and the result 1s subtracted from
the data block samples. Additional frequency components are
identified and subtracted 1n a similar manner, until based on
the subtraction of the scaled frequency components from the
data block signal, the net power of the data block 1s below a
given threshold. By subtracting each frequency component 1n
an 1terative fashion, the removal of each subsequent ire-
quency component without the interference from the fre-
quency sidelobes of the prior stronger frequency components
1s achieved. In one embodiment, the list of frequency com-
ponents subtracted may include additional frequencies asso-
ciated with other know interference frequencies, for example,
harmonics at 60 Hz intervals from identified interference
frequencies may be added to the frequency list. Based on M
frequencies identified for removal, each associated with N
samples, an MxIN matrix 1s created containing unit amplitude
complex sinusoidal samples for each of N samples foreach M
frequencies.
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For each subsequent N sample data block, for example,
samples N+1 to 2N, 2N+1 to 3N, etc., the sinusoid sample
matrix 1s projected on the data block’s N samples and M
complex weights are estimated such that the weighted sum of
the sinusoidal sample matrix best matches the data blocks
samples on the basis of a least mean squares algorithm. The
estimated complex weights are then applied to the columns of
the sinusoid samples matrix, sample by sample and the result-
ing N-sample interference model 1s subtracted from the data
block samples. Each subsequent N-sample data block 1s pro-
cessed 1n a stmilar manner, with the M complex weights being
re-computed at each data block. The frequency list containing
the frequency elements contaiming identified interference
may be periodically re-established to respond to possible
changes 1n the received interference. Downstream processing
1s then performed on the interference cancelled data blocks.

Interference Cancellation Module 615 may be stored 1n
memory 613 within signal processor 607. This 1llustration 1s
provided by way of example only, and other embodiments for
implementing the interference cancellation process described
herein may be contemplated by one of skill in the pertinent art
without departing from the intended scope of this disclosure.
For example, the process has been explained by way of
example, to include memory containing instructions, the
instructions when executed by a processor, cause the steps of
a method for cancelling sinusoidal interference during signal
processing to be performed. It 1s understood that the process
ol mterference cancellation may also be performed 1n hard-
ware, for example 1n a field programmable gate array (FPGA)
or a complex programmable logic device (CPLD). Thus, the
entire process or any part thereof, may be performed 1n hard-
ware, software or any combination of hardware and/or soft-
ware. Soltware may be embodied 1n a non-transitory machine
readable medium upon which software instructions may be
stored, the stored instructions when executed by a processor
cause the processor to perform the steps of a method of
cancelling sinusoidal interference for signal processing. Any
suitable machine readable medium may be used, including
but not limited to, magnetic or optical disks, for example
CD-ROM, DVD-ROM, floppy disks and the like. Other
media also fall within the intended scope of this disclosure,
for example, dynamic random access memory (DRAM), ran-
dom access memory (RAM), read-only memory (ROM) or
flash memory may also be used.

While the foregoing invention has been described with
reference to the above-described embodiment, various modi-
fications and changes can be made without departing from the
spirit of the mvention. Accordingly, all such modifications
and changes are considered to be within the scope of the
appended claims. Accordingly, the specification and the
drawings are to be regarded in an illustrative rather than a
restrictive sense. The accompanying drawings that form a
part hereot, show by way of i1llustration, and not of limitation,
specific embodiments 1n which the subject matter may be
practiced. The embodiments illustrated are described 1n sui-
ficient detail to enable those skilled 1n the art to practice the
teachings disclosed herein. Other embodiments may be uti-
lized and derived therefrom, such that structural and logical
substitutions and changes may be made without departing
from the scope of this disclosure. This Detailed Description,
therefore, 1s not to be taken in a limiting sense, and the scope
of various embodiments i1s defined only by the appended
claims, along with the full range of equivalents to which such
claims are entitled.

Such embodiments of the mventive subject matter may be
referred to herein, imndividually and/or collectively, by the
term “invention” merely for convemence and without intend-
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ing to voluntarily limit the scope of this application to any
single invention or 1nventive concept 1f more than one 1s 1n
fact disclosed. Thus, although specific embodiments have
been illustrated and described herein, 1t should be appreciated
that any arrangement calculated to achieve the same purpose
may be substituted for the specific embodiments shown. This
disclosure 1s intended to cover any and all adaptations of
variations of various embodiments. Combinations of the
above embodiments, and other embodiments not specifically
described herein, will be apparent to those of skill 1n the art
upon reviewing the above description.

What 1s claimed 1s:

1. A method of canceling sinusoidal interference from a
signal to be processed, the method comprising the steps of:

identifying sinusoidal interference from a received signal;

generating a model of the identified sinusoidal interfer-
ence;

matching the model to the identified sinusoidal interfer-

ence using a fitting operation, and

cancelling the identified sinusoidal interference by sub-

tracting the matched model from the 1dentified sinusoi-
dal interference,

wherein the step of generating a model comprises the step

of identifying sinusoidal interferences from a block of
time-domain data samples of the received signal that are
known to be interference-only.

2. The method of claim 1, further comprising a step of
applying an amplitude taper to the sinusoidal interference.

3. The method of claim 2, further comprising a step of
applying a Fourier Transform to the sampled signal.

4. The method of claim 1, further comprising a step of
identifying a frequency of the sinusoidal interference.

5. The method of claim 4, further comprising a step of
identifying a peak amplitude of the sinusoidal interference.

6. The method of claim 5, wherein the frequency and the
amplitude are 1dentified using a quadratic fit to amplitudes of
the 1dentified peak and to peaks adjacent thereto.

7. The method of claim 4, turther comprising generating a
vector containing a number of samples of a complex unit-
amplitude sinusoid at the identified frequency.

8. The method of claim 7, wherein scaled sinusoid samples
are generated by scaling the vector in amplitude and phase to
match the sampled complex unit-amplitude sinusoids.

9. The method of claim 8, wherein the scaling 1s achieved
using a least-mean-square process.

10. The method of claim 8, wherein the scaled sinusoid
samples are subtracted from the vector of samples of the
complex unit-amplitude sinusoids.

11. The method of claim 10, further comprising a step of
estimating a net power of the signal resulting from the sub-
tracting.

12. The method of claim 11, further comprising a step of
recording the 1dentified frequency 1f the net power 1s at least
a predetermined level less than an original power.

13. The method of claim 12, wherein the process 1s
repeated until the subtraction of the scaled sinusoid samples
reduces net power by less than a predetermined amount.

14. The method of claim 1, wherein the step of generating
a model of the sinusoid interference comprises generating a
matrix of complex unit-amplitude sinusoid signals.
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15. The method of claim 14, wherein the step of canceling
the sinusoidal interference comprises scaling the matrix with
a complex weight, wherein the weight comprises a vector of
a number of complex-valued numbers and 1s computed such
that the sum of columns of the matrix are fit to the 1dentified
sinusoidal interference.

16. The method of claim 15, wherein the vector 1s sub-
tracted sample by sample from the identified sinusoidal inter-
terence, cancelling the 1dentified sinusoidal interference.

17. The method of claim 16, wherein the complex weight 1s

recomputed for each data block.

18. The method of claim 1, wherein the step of generating
said model by identifying sinusoidal interferences from a
block of time-domain data samples that are known to be

interference-only, further comprises:

a) determining a frequency of the interference sinusoid
having a largest amplitude and cancelling that interfer-
ence sinusold from the block of time-domain 1nterfer-
ence-only data samples to generate a modified block of
time-domain interference-only data samples;

b) determining a net power of the modified block of time-
domain interference-only data samples;

¢) storing the determined frequency of the interference
sinusoid 1n a list;

d) comparing the determined net power with a threshold
value:

¢) repeating steps a) through d) for each frequency of
interference sinusoid having the next largest amplitude
until said step d) comparison yields said determined net
power being less than the threshold value; and

1) applying the list of determined frequencies of the inter-
ference sinusoids to generate said model.

19. The method of claim 18, further comprising:

supplementing said list of determined frequencies with
additional frequencies to remove additional interfer-
ences from one or more known sources.

20. A signal processing system for removing sinusoidal
interference from a signal to be processed, the system com-
prising:

an antenna for recerving an analog input signal;

an analog to digital converter (ADC) coupled to the
antenna for generating digital samples of the received
input signal; and

a digital signal processor coupled to the ADC configured to
process the digital samples and cancel sinusoidal inter-
ference contained in the digital samples,

wherein the digital signal processors comprises a set of
instructions, the instructions when executed by a proces-
sor causing the processor to 1dentily sinusoidal interfer-
ence recerved by a receiver; generate a model of the
identified sinusoidal interference, match the model to
the i1dentified sinusoidal interference using a {fitting
operation, and cancel the identified sinusoidal interfer-
ence by subtracting the matched model from the ident-
fied sinusoidal interference,

wherein the step of generating a model of the identified
sinusoidal interference comprises the step of identifying,
sinusoidal 1nterferences from a block of time-domain
data samples of the recetved input signal that are known
to be mterference-only.
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